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Abstract 
In this paper buckling and free vibration characteristics of an isotropic cylindrical panel subjected to uniform temperature rise has 
been investigated using finite element method. The procedure involves the determination of critical buckling temperature, which 
is followed by modal analysis considering pre-stress due to the thermal field in the cylindrical panel. Detailed studies are carried 
out to analyze the influence of curvature ratio, thickness ratio and aspect ratio on the critical buckling temperature and free vibration 
behavior of an isotropic cylindrical panel. It has been found that as the curvature ratio and the thickness ratio increases the thermal 
buckling strength of the cylindrical panel decreases. It has also been found that free vibration frequencies reduce with an increase 
in temperature and the reduction is more significant for the lowest frequency mode. It is observed that free vibration mode shapes 
at ambient temperature changes with an increase in temperature. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICOVP 2015. 
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1. Introduction 
Cylindrical shell possesses high load-carrying capacity, very high stiffness and containment of space and hence 
plays an important role in many engineering structures. Thin cylindrical shell structure used in the aircraft, missile and 
high speed aerospace vehicles are subjected to aerodynamic heating which induces a temperature distribution over the 
surface. These structural members are slender in nature and sensitive to the thermal loads. The main importance in the 
prediction of mechanical behavior of such structures are they have been employed in thermal working environment. 
For example, structures with curved shape used in rockets and hypersonic airplane are under high temperature working 
environment. In certain cases, the thermal load plays an important role in deciding and controlling the design. Thermal 
stresses developed due to elevated temperature will lead buckling failure of these slender structural members. The  
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dynamic behavior of the heated panel members will be significantly influenced by the thermal stress developed 
because of thermal load. Several researchers have analyzed the buckling of cylindrical panels under thermal load. 
Jeng-Shian and Wei-Chong [1] studied the thermal buckling analysis of antisymmetric angle-ply laminated cylindrical 
shells that were simply supported and subjected to a uniform temperature rise by using a finite element method based 
on the higher order displacement functions. It was found that that first order theory overestimates the thermal buckling 
temperature of the shell. Finite element method was used by Aubad [2] to estimate the thermal buckling of multi-
layered composite spheroidal spherical shells with clamped boundary condition under uniform distribution thermal 
load. It was found that the critical buckling temperature of the panel is highly influenced by the spherical angle, fiber 
orientation, number of layers of composite shell and radius to thickness ratio. Thermally-induced large-deflection 
behaviors of laminates, including flat plates and cylindrical and doubly-curved panels was investigated by Huang and 
Tauchert [3] using a finite element technique, based on the first-order shear deformation theory. Shahsiah and Eslami 
[4] determined the critical thermal buckling loads for a functionally graded cylindrical shell subjected to uniform 
temperature rise and radial temperature difference under simply supported boundary conditions. Derivations were 
based on the first-order shell theory, the Sanders kinematic relations, and the Donnell stability equations. Rao and 
Ganesan [5] used finite element method to analyze the free vibration behavior of isotropic plates immersed in hot 
fluids. Where it was concluded that when the plate is exposed to elevated temperature, its natural frequency reduces 
with increase in temperature. Buckling and free vibration characteristics of isotropic plates under arbitrarily varying 
temperature distributions was investigated by Jeyaraj [6] using finite element method under different boundary 
conditions. It was found that anti-nodal position of the fundamental buckling mode appears away/near to the free edge 
when the free edge was exposed to minimum/maximum temperature of the variation. Very few researchers 
investigated the free vibration behavior of panels subjected to thermal load. Ganapathi et al. [7] has investigated the 
dynamic analysis of laminated cross-ply composite non-circular thick cylindrical shells exposed to thermal/mechanical 
load based on higher-order theory. Finite element approach in conjunction with the direct time integration technique 
has been used to obtain shell responses. Buckling and free vibration analysis of functionally graded cylindrical shells 
subjected to a temperature-specified boundary condition was studied by Kadoli and Ganesan [8] by using first order 
shear deformation theory. Bailey [9] analyzed the free vibration and buckling of a double wedge square cantilever 
plate under uniform temperature rise. The magnitude of the thermal load at which the frequency of the particular mode 
vanishes gives the critical buckling temperature for that mode.  
The literature survey reveals that a detailed investigation of combined buckling and free vibration behavior of a 
uniformly heated cylindrical panel has not been carried out. In the present work, buckling and free vibration behavior 
of isotropic cylindrical panels under uniform thermal load have been studied and analyzed by commercially available 
finite element software ANSYS. A computer code has been developed in APDL for isotropic cylindrical panel. The 
free vibration response of the present model under uniform thermal load is obtained using the Block Lanczos method. 
Further, the effects of different structural parameters, namely the thickness ratio, curvature ratio, aspect ratio and 
critical buckling temperature on the free vibrational behavior of the cylindrical shell panel was examined so that these 
parameters can be modified in the design stage to yield desired vibration responses.   
 
2. Analysis approach 
2.1. Finite element analysis 
Finite Element Method (FEM) has been used to analyze the critical buckling temperature and the effects of thermal 
load on the natural frequencies and its corresponding mode shapes of an isotropic cylindrical panel. The model has 
been discretized using an eight node isoparametric shell element (SHELL281), available in ANSYS library. It consists 
of an 8-noded element having six degrees of freedom at each node: translation in and rotation about the x, y and z-
axis Figure 1(a). It can be used to analyze thin to moderately thick shell structures.  
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Fig. 1. (a) Shell 281; (b) Geometry of the cylindrical panel. 
2.2. Description of cylindrical shell panel  
Figure 1(b) shows the geometry of a cylindrical shell with thickness (h), angle of curvature (θ), radius of curvature 
(R), length of panel (B) and width of panel (A). The finite element analysis software package (ANSYS) was used to 
analyze the thermal buckling of a cylindrical panel. The changes to the cylindrical shells are based on several variables: 
Aspect ratio (B/A), curvature ratio (R/A), thickness ratio (A/h) and structural boundary constraints. Influence of aspect 
ratio (1, 1.5, 2), thickness ratio (100,150,200), curvature ratio (1, 2, 3) and the three boundary condition (CCCC, 
CCFC, and CFCF) are analyzed for thermal buckling and free vibration characteristics.  
2.3. Finite element formulation 
Pre-loads on the curved panel due to the thermal load is calculated by using static analysis. In order to find the 
effect of thermal load on the natural frequencies and their corresponding mode shapes pre-stressed modal analysis has 
been carried out with critical buckling temperature as a one of the parameter. Thermal stresses will be generated in 
the panel (for any boundary condition with at least one edge restrained) when it is subjected to a temperature rise 
above ambient by ΔT. Buckling analysis is carried out using the structural stiơness matrices [K] and geometric 
stiơness matrices [Kσ]. The geometric stiơness matrix [Kσ] is calculated by using thermal stress state.  
> @ > @ ^ ` 0  ii KK \O V    (1) 
where, λi is the ith eigen value and ψi is the corresponding eigen vector. The product of the temperature rise ΔT and 
the lowest eigen value λi gives the critical buckling temperature, Tcr, that is Tcr = λ1ΔT. Physically, Tcr defines the 
temperature at which the curved panel buckles due to thermal stresses. Since the structure is pre-loaded due to the 
thermal field, stresses produced due to thermal load will change the structural stiơness and hence changes the natural 
frequencies of the structure. Pre-stressed modal analysis is used to find the natural frequency of the pre-loaded 
structure. The natural frequency at any given temperature can be calculated by evaluating the geometric stiơness 
matrix at that temperature and by solving the eigen value problem as given below: 
> @ > @  > @ ^ ` 02   kk MKK IZV    (2) 
where, [M] is the structural mass matrix, while ωk is the circular natural frequency of the pre-stressed structure and 
Φk the corresponding mode shape.  
In the present work, commercial finite element software ANSYS has been used to obtain thermal buckling and free 
vibration characteristics of the isotropic cylindrical panel. 
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3. Validation studies 
3.1. Thermal buckling 
For the validation of the thermal buckling strength, a fully clamped cylindrical panel was analyzed by Al-Khaleefi 
[10]. The dimensions of the panel considered are h= 1mm, A/h= 40, R/A = 10 and B/A = 1 with following properties; 
Young’s modulus (E) = 40GPa, Poisson’s ratio (μ) = 0.25, coefficient of thermal expansion (α) = 79×10−6/0C. Wherein 
Al-Khaleefi [10] has used an analytical approach, based on the first-order shear deformation shell theory. The critical 
buckling temperature using the present approach matches with that of Al-Khaleefi [10]. 
3.2. Free vibration 
A cylindrical isotropic square panel clamped along its four edges analyzed by Au and Cheung [11] is considered. 
They used isoparametric spline finite strip method to predict the natural frequencies of the cylindrical panel while the 
present method uses, SHELL 281 eight noded shell element available in ANSYS element library. Material with 
mechanical properties of E= 68.948GPa, μ =0.33 and ρ =2657.3 kg/m3 used for the analysis of cylindrical panel. 
Geometric properties used for analysis are: θ=0.133 rad, h= 0.33mm, A=76.2 mm, B/A = 1 and R = 762 mm. The 
results obtained for a panel using finite element commercial software Ansys with shell281 has been compared with 
Au and Cheung [11] as seen in Table 1 which shows natural frequency of a fully clamped cylindrical square panel. 
 
                                        Table 1. Comparison of natural frequencies(Hz) with Au and Cheung [11] 
Mode No. Au and Cheung [11] Present 
1 869 869.64 
2 957 957.64 
3 1287 1287.8 
4 1363 1363.3 
5 1439 1440.1 
4. Results and discussion  
A general isotropic cylindrical shell panel model as shown in Figure 1(b) is modelled using the APDL code of 
ANSYS software with the dimensions assumed to be Thickness (h)= 1mm, thickness ratio (A/h) =100, curvature ratio 
(R/A) =2, Aspect ratio (A/B) =1 and theta (θ)=150 if it is not mentioned. Isotropic cylindrical panel made up of mild 
steel has been taken for the analysis. The material properties of mild steel are: Young’s modulus E=210 GPa, Poisson’s 
ratio ν = 0.3, coeƥcient of thermal expansion α = 12.6×10-6/0C and density ρ=7850 kg/m3; material properties in this 
case is assumed to be temperature independent. However, care has been taken to make sure that the critical buckling 
temperature obtained lies in the temperature range where the material properties does not change significantly with 
temperature rise. The cylindrical panel has been investigated for three different boundary conditions CCCC, CCFC 
and CFCF (where C-clamped edge and F-free edge). 
4.1. Thermal buckling analysis 
An isotropic cylindrical panel of mild steel plate with thickness of 1 mm is considered for detailed investigation. 
Linear eigen value buckling analysis has been carried out and critical buckling temperature (Tcr) is obtained for 
different dimensional parameters and boundary conditions. It is clear from Figure 2(a), 2(b) and 2(c) that as the 
curvature ratio, thickness ratio and aspect ratio of the cylindrical isotropic panel increases stiffness of the panel 
decreases and hence thermal buckling strength of the panel decreases. It can also be seen from the analysis that 
boundary condition CFCF is very sensitive and has a lowest buckling temperature compared to other two boundary 
conditions.  
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Fig. 2. Effect of (a) Thickness ratio; (b) Aspect ratio;(c) Curvature ratio, on the thermal buckling strength. 
Moment of inertia of the cylindrical panel decreases with increase in curvature ratio (R/A) hence stiffness of the 
panel decreases which in turn will decrease the buckling strength. Similarly, with increases in aspect ratio (B/A) the 
length of the panel increases which will increase the slenderness of the panel. The slenderness of the cylindrical panel 
is inversely proportional to the buckling strength. It has also been noticed that as the thickness ratio (A/h) increases 
with constant thickness, lateral dimensions of panel increases which will further decrease the bending stiffness of the 
panel and thus lowers the buckling strength. Boundary conditions CCCC and CCFC have higher thermal buckling 
strength than the CFCF. It is because the thermal stress is in self-equilibrium that the greater in-plane constraints will 
give greater thermal response, and the plate with CCCC has more bending strength than the plate with CFCF. 
4.2. Free vibration analysis 
Free vibration of an isotropic cylindrical panel under different boundary condition and elevated temperature has 
been carried along with different dimensional parameters. Table 2 shows the effect of curvature ratio and thermal load 
on the free vibration frequencies under three structural boundary constraints. It can be observed from Table 2 that as 
the curvature ratio increases from 1 to 2, the natural frequency (mode 1) of the cylindrical panel decreases from 135 
to 99. The physical reason behind this is, as the curvature ratio increases the stiffness of the panel decreases and 
frequency is directly proportional to the stiffness and thus the frequency decreases. It can also be seen that cylindrical 
panel with fully clamped boundary condition has the highest natural frequency as compared to other two boundary 
conditions. It can also be noticed from Table 2 that the modal indices tend to change as the panel temperature reaches 
close to buckling temperature for example modal indices for a cylindrical panel with curvature ratio (R/A=2) changes 
from (1,2) at ambient temperature to (3,1) at 95% of critical buckling temperature for the first mode. 
Influence of aspect ratio and thermal load on the free vibration frequencies of the panel subjected to three structural 
boundary constraints is shown in Table 3. It can be visualized from Table 3 that aspect ratio is inversely proportional 
to the frequency and hence the frequency decreases with increase in aspect ratio as the slenderness of the panel 
increases with aspect ratio. Under fully clamped boundary condition, as the aspect ratio changes from 1 to 2, the 
corresponding natural frequency of panel decreases from 99 to 71, but the temperature has more impact on the 
frequency as the same frequency reduces to 52 when the temperature of the panel (B/A=1) reaches close to the 
buckling temperature. 
Table 4 depicts the effect of thickness ratio on the behavior of free vibration of cylindrical panel along with 
temperature close to buckling temperature. As the thickness ratio increases corresponding free vibration frequencies 
of a cylindrical panel decreases, for example as the thickness ratio of fully clamped cylindrical panel changes from 
100 to 200 the corresponding frequency at ambient temperature changes from 99 to 36. It can also be noticed that free 
vibration frequencies changes with boundary conditions whereas temperature has a significant effect on the 
frequencies. 
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      Table 2 Effect of thermal load on Non-dimensional free vibration frequencies with different curvature ratio  
Boundary 
condition 
Mode at 
Ambient 
temp.* 
R/A=1 R/A=2 R/A=3 
Ambient 
temp. 
0.5*Tcr 0.95*Tcr 
Ambient 
temp. 
0.5*Tcr 0.95*Tcr 
Ambient 
temp. 
0.5*Tcr 0.95*Tcr 
CCCC 
1,2 135(1,3) 118(1,3) 93(5,3) 99 85 52(3,1) 86 72 38(3,1) 
1,3 142(1,2) 129(1,2) 98(4,2) 118 107 57(3,2) 96(1,1) 86(1,1) 47(2,1) 
2,2 204(2,3) 161(2,3) 100(5,2) 150 114 58(4,1) 122(2,1) 91(2,1) 51(2,2) 
2,3 212(1,4) 174(2,4) 100(3,3) 155 122 66(2,2) 129(2,2) 96(2,2) 56(2,2) 
1,2 213(2,4) 201(1,4) 102(2,3) 171 143(3,1) 71(1,2) 142(1,3) 118(3,1) 75(3,2) 
CCFC 
1,2 86 83 74 70 65 44(2,2) 66 60 30 
1,3 103 98 86(3,3) 103 99 58(2,2) 86(1,1) 81(2,2) 55(1,2) 
2,2 150(2,3) 133(2,3) 91(3,3) 114 99 67(1,3) 98(2,2) 84(1,3) 57(2,3) 
2,3 176(2,2) 151(1,2) 96 127 113 79(3,2) 102(2,1) 90(2,1) 75(3,2) 
3,2 185(1,4) 178(1,4) 100 162 132 89(3,2) 126(3,1) 107(3,1) 76(2,3) 
CFCF 
1,2 47(1,3) 34(1,3) 11(1,3) 37 27 9 32 23 8 
1,3 51(1,2) 39(1,2) 22(1,2) 39 30 17 37(1,2) 29(1,2) 20(1,2) 
1,3 100(2,3) 79(2,2) 50(2,2) 83 67(2,2) 48(2,2) 61(1,3) 57(1,3) 47(2,2) 
1,4 100(1,2) 80(2,2) 52(2,2) 84 69(2,3) 48(2,3) 76(2,2) 62(2,2) 52(2,2) 
2,2 102 96(1,2) 91(1,2) 84 79(1,3) 75(1,3) 79(2,2) 66(2,2) 52(1,3) 
        *Mode at Ambient temperature are represented with respect to curvature ratio (R/A) =2 
         
        Table 3 Effect of aspect ratio, boundary conditions and thermal load on Non-dimensional free vibration frequency 
Boundary 
condition 
Mode at 
Ambient 
temp.* 
B/A=1 B/A=1.5 B/A=2 
Ambient 
temp. 
0.5*Tcr 0.95*Tcr 
Ambient 
temp. 
0.5*Tcr 0.95*Tcr 
Ambient 
temp. 
0.5*Tcr 0.95*Tcr 
CCCC 
1,2 99 85 52(3,1) 80 72 48(5,1) 71 66 50(7,1) 
1,3 118 107 57(3,2) 108 95(2,2) 53(6,1) 95(2,2) 83(2,2) 52(6,1) 
2,2 150 114 58(4,1) 113 102(1,3) 65(1,2) 104(1,3) 99(3,2) 61(1,2) 
2,3 155 122 66(2,2) 126 109 66(4,2) 116 100(1,3) 69(6,1) 
1,2 171 143(3,1) 71(1,2) 146(3,2) 114(3,2) 71(4,2) 121(3,2) 105(2,3) 69(4,2) 
CCFC 
1,2 70 65 44(2,2) 65 61 47(2,2) 62 60 50(4,1) 
1,3 103 99 58(2,2) 91(2,2) 81(2,2) 51(3,1) 80(2,2) 74(2,2) 57(2,2) 
2,2 114 99 67(1,3) 102(1,3) 99(1,3) 57(1,2) 100(1,3) 91(3,2) 58(4,2) 
2,3 127 113 79(3,2) 112(2,3) 104(2,3) 69(2,2) 104(3,2) 99(1,3) 63(4,1) 
3,2 162 132 89(3,2) 123(3,2) 104(3,2) 75(2,1) 107(2,3) 102(2,3) 66(2,2) 
CFCF 
1,2 37 27 9 20 14 5 13 9 3 
1,3 39 30 17 25(1,2) 22(1,2) 18(1,2) 20(1,2) 18(1,2) 17(1,2) 
1,3 83 67(2,2) 48(2,2) 46(2,2) 37(2,2) 27(2,2) 29(2,2) 24(2,2) 18(2,2) 
1,4 84 69(2,3) 48(2,3) 48(2,3) 39(2,3) 30(2,3) 34(2,2) 29(2,2) 24(2,2) 
2,2 84 79(1,3) 75(1,3) 52(1,3) 50(1,3) 48(1,3) 37(1,3) 36(1,3) 34(1,3) 
        *Mode at Ambient temperature are represented with respect to aspect ratio (B/A) =1 
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         Table 4 Effect of thickness ratio, boundary conditions and thermal load on Non-dimensional free vibration frequency  
 
Boundary  
condition 
Mode at 
ambient 
Temp.* 
A/h=100 A/h=150 A/h=200 
Ambient 
temp. 
0.5*Tcr 0.95*Tcr 
Ambient 
temp. 
0.5*Tcr 0.95*Tcr 
Ambient 
temp. 
0.5*Tcr 0.95*Tcr 
CCCC 
1,2 99 85 52(3,1) 55 48 32(4,1) 36(1,3) 30(1,3) 24(5,3) 
1,3 118 107 57(3,2) 58 52 33(4,2) 37(1,2) 33(1,2) 25(4,2) 
2,2 150 114 58(4,1) 82(2,3) 65(2,3) 36(3,2) 52(2,3) 41(2,3) 27(5,2) 
2,3 155 122 66(2,2) 82(2,2) 66(2,2) 37(5,2) 55(2,2) 44(2,2) 27(2,3) 
1,2 171 143(3,1) 71(1,2) 96(1,4) 81(3,2) 41(3,3) 56(1,4) 53(3,3) 27(1,3) 
CCFC 
1,2 70 65 44(2,2) 36 33 29 23 22 19(2,2) 
1,3 103 99 58(2,2) 48 46 30(2,3) 28 27 22(2,3) 
2,2 114 99 67(1,3) 63(2,3) 56(2,3) 33(3,2) 39(2,3) 34(2,3) 24(2,3) 
2,3 127 113 79(3,2) 63(2,2) 57(2,2) 42(4,2) 42(2,2) 39(2,2) 25(3,2) 
3,2 162 132 89(3,2) 89(1,4) 75(3,3) 43(3,3) 51(1,4) 48(1,4) 25(2,3) 
CFCF 
1,2 37 27 9 19(1,3) 14(1,4) 5(1,3) 11(1,3) 9(1,3) 3(1,3) 
1,3 39 30 17 20(1,2) 15(1,2) 6(1,2) 13(1,2) 10(1,2) 5(1,2) 
1,3 83 67(2,2) 48(2,2) 41(1,4) 32(2,3) 20(2,3) 25(2,3) 19(2,3) 11(2,3) 
1,4 84 69(2,3) 48(2,3) 41(2,3) 33(2,2) 22(2,2) 25(1,4) 20(2,2) 13(2,2) 
2,2 84 79(1,3) 75(1,3) 42(2,2) 38(1,4) 37(1,4) 25(2,2) 24(1,4) 23(1,4) 
         *Mode at Ambient temperature are represented with respect to aspect ratio (A/h) =100 
 
Table 5 Effect of temperature on the free vibration mode shapes (A/h=100, R/A=2, B/A=1, CCCC) 
Temperature 
 
Modes at Ambient temperature 
(1,2) (1,3) (2,2) (2,3) (1,2) 
Ambient 
temperature 
     
0.5*Tcr 
     
0.95*Tcr 
     
                            Note: Red color: maximum displacement; dark blue: zero displacement and other colors in between. 
 
Table 6 Effect of temperature on the free vibration mode shapes (A/h=100, R/A=2, B/A=1, CCFC) 
Temperature 
 
                                        Modes at Ambient temperature 
(1,2) (1,3) (2,2) (2,3) (3,3) 
Ambient 
temperature 
     
0.5*Tcr 
     
0.95*Tcr 
     
                            Note: Red color: maximum displacement; dark blue: zero displacement and other colors in between. 
 
Effect of thermal load on the free vibration mode shape of the first five modes under structural boundary constraints 
namely CCCC, CCFC and CFCF is depicted in Table 5, Table 6 and Table 7 respectively. It can be clearly seen from 
Table 5 to Table 7 that mode shapes and modal indices are highly influenced by thermal load and boundary constraints. 
It can be seen that modal indices of the first mode of fully clamped cylindrical panel (1,2) at ambient temperature 
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changes to (3,1) at 95% of the critical buckling temperature, similarly for a panel under CCFC boundary condition 
modal indices (1,2) at ambient temperature changes to (2,2) at 95% of critical buckling temperature. It can also be 
noted that for a panel with CCFC boundary condition, modes at elevated temperature are moving away from the free 
edge. 
Table 7 Effect of temperature on the free vibration mode shapes (A/h=1, R/A=2, B/A=1, CFCF) 
Temperature Modes at Ambient temperature 
(1,2) (1,3) (1,3) (1,4) (2,2) 
Ambient 
temperature 
     
0.5*Tcr 
     
0.95*Tcr 
     
                             Note: Red colour: maximum displacement; dark blue: zero displacement and other colours in between. 
5. Conclusion 
This paper presents a numerical approach using finite element method to investigate the critical buckling and free 
vibration behavior of cylindrical panel under uniform temperature for different structural boundary constraints. 
Materials properties are assumed to be temperature independent. The results show that the behavior of free vibration 
under thermal load is complex and greatly influenced by the elevated temperature, geometric parameter and boundary 
conditions. Therefore, the following conclusion can be drawn: 
 
x As the aspect ratio, curvature ratio and thickness ratio increases the critical buckling temperature decreases. 
x Structural boundary constraints have noticeable effect on the critical buckling temperature. 
x The free vibration of panel decreases as the aspect ratio, curvature ratio and thickness ratio increases. 
x Free vibration and its corresponding mode shape is highly influenced by thermal load. 
x Fall in natural frequency is very drastic for the mode corresponding to the lowest buckling temperature mode. 
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